Although hundreds of papers related to preparative gas chromatography ( pGC) have been published since the late 1950s, the success of the GC technique has largely been associated with analytical instead of preparative purposes. Actually, pGC is an ideal alternative technique for the preparation of pure substances, especially volatile compounds. This paper reviews the papers (written in English) associated with pGC published over the period from the 1950s to the 2010s. For large scale preparation, large sample injection and vaporization, a high loading capacity column, a gas splitter at the end of the column and a special collecting device are fundamentally important for a pGC system. The primary components of pGC system, including injector, column, splitter, detector and collection traps, are briefly introduced. Furthermore, the applications of pGC in the separation and purification of volatile compounds from natural essential oils, in addition to the purification of isotopes, isomers and enantiomers are summarized.
Introduction
Gas chromatography (GC), invented by Martin and Synge in 1941 (1) , was first applied for the separation of a series of fatty acids in 1951 (2) . After this, the GC technique developed rapidly and was the first analytical instrument to be controlled by a computer. The term preparative GC ( pGC) usually describes the use of large-diameter columns to purify relatively large quantities of materials by using a sample collection system at the column outlet (3) . Currently, GC is one of the most important and widespread techniques in the field of analytical chemistry. However, the success of the GC technique is largely associated with chemical analysis instead of pGC (4) . Although Varex Corporation commercialized a preparative scale GC (Model PSGC-10/40) late in the last century, only a preparative fraction collector for GC (Gerstel PFC, Gerstel GmbH & Co.) is still available on the market today.
Actually, pGC is an important and practical alternative to other preparative techniques such as preparative highperformance liquid chromatography ( pre-HPLC), especially for volatile compounds. There have been many applications of pGC in the fields of synthetic chemistry (5 -14) ; the fine chemical industry (15) ; the preparation of flavors and fragrances, or odoriferous constituents (16 -19) , which are primarily used in cosmetic industry sectors (20) ; environmental chemistry (21 -24) ; pharmaceuticals (25) ; biology (26, 27) ; toxicology (28) ; and compound-specific radio carbon analysis (CSRA) (21, 22) .
According to the SciFinder database ( Figure 1 ), papers related to pGC have been published continuously since the late 1950s, and more than 200 papers were published during the 1960s.
Although the publications related to pGC decreased during the late 20th century, pGC has regained attention by researchers during the past decade. It is believed that the characteristics and advantages of pGC will gain more attention, and it is expected that pGC will be a complementary technique for pre-HPLC in the future. Several good books or book chapters have dealt with pGC (29 -31) . In this paper, based on the articles (written in English) associated with pGC published over the period of 1950s to 2010s, the components of the pGC system and the applications of pGC were reviewed to provide scientific information for further studies.
pGC system
The pGC system consists of a carrier gas system (including the carrier tank, its path and a pressure controller), an injection system (including injection port and vaporizer), a separation column, splitter and detector and a trap used to collect the effluents, which was not included in the analytical equipment. Today, most of the pGC systems reported in the literature for preparative purposes have been modified from the analytical systems.
Sampling
Usually, the injection of the sample is accomplished manually by a syringe (20) , which is a laborious and time-consuming process. An automated sampler controlled with a microprocessor has been used, whereas the splitless injection mode is most commonly used for preparative capillary GC ( pcGC) (32, 33) . Furthermore, the cool injection system (CIS), which restricts both thermal degradation and chromatographic discrimination of the analyte to some extent, has also been frequently applied in pGC and in analytical GC (33 -35) . In addition, a CIS contains a mass flow controlled switching device combined with a dual column system pcGC, designed by Rijks and Rijks, which did well in the separation of complex samples, especially those of low concentrations (36) . A newly invented injection method for pGC named a gas booster sample injection device was combined with a large volume sample dosing ring and a pneumatic six-way valve to control the sample introduction, and it also adopted high-temperature desorption combined with diaphragm booster. As a result, this unit efficiently transferred large amounts of the analyte to the sample loop (37, 38) .
The loading quantity is considered to be one of the key factors that affect the separation efficiency for pGC. Therefore, special attention should be paid to sample overloading, because this can result in poor separation of the compounds or broader peaks that decrease the resolution. However, this does not mean that a large sample introduction is absolutely not allowed. For example, if the amount of monomer obtained from multiple small injections was less than a single larger injection, slight overloading might be acceptable. Although this also suffers from the loss of resolution, it is compensated by consuming much less time. To improve the injection amount, an expanded vaporizer is one of the most frequently used approaches. For example, for the separation of volatile components from Curcuma rhizome, an 8 cm Â 6.60 mm vaporizer was used (39) . Furthermore, Staerk et al. (40) modified the injector with an expansion vessel constructed from a 1 m Â 0.53 mm i.d. stainless steel tube and connected to the system by a six-way valve. However, the large amount of injection may lead the volatile components with higher boiling points condensed in the system, which may cause a series of problems, including the blockage of conduits and joints, fluctuations in pressure and recontamination of the purified compounds. To solve this problem, Maroulis et al. (41) designed a container at the injection site to supply liquid solvent to wash away the deposit effluent after the last separation was finished (or before the following preparation started). In addition, vaporization of the sample before injection can prevent the high pressure caused by instant gasification and avoid the pollution of the injection port by the non-volatile compounds, and thus the injection amount may be improved (15) .
Column
Gas-liquid chromatography (GLC) is primarily used for the preparation of low-boiling halides (42) or for the study of the structure or configuration of compounds (43) (44) (45) (46) (47) . The preparation quantities of GLC may go from nanogram to microgram (48) . Although gas-solid chromatography (GSC) allows the harvest of much larger quantities of the target compounds, it has primarily been applied for more types of different chemical compounds (39, 49) or for individual pharmacology/toxicology research. Capillary columns, belonging to GLC, have predominantly been used in GC (including pGC). However, the yielded compounds may be contaminated by the vaporized stationary phase when a high separation temperature is applied (42) . Therefore, the stationary phase used in a pGC column must be physically and thermally stable, and chemically inert, to avoid taking part in chemical reaction during the preparation process (50) . On the other hand, for infrared (IR) or nuclear magnetic resonance (NMR) analyses, the response of the stationary phase may mix with the compounds of interest. Therefore, the IR and NMR absorptions of 17 liquid stationary phases (including carboxylic esters, ethers and silicones) commonly used in pGC have been reported (51) .
To enhance production, much effort has been devoted to increasing the loading capacity of a column by extending its diameter (52) . However, increasing the column diameter can lead to extreme losses in column efficiency and separation resolution (3, 53) . The efficiency of preparative columns with a relatively large diameter (up to 40 mm) is approximately half that of normal analytical packed columns (2 -4 mm) (54) . There is no doubt that the larger the column diameter, the slower the heat delivery rate from the outside to the center of the column (55) . Therefore, the larger diameter columns can lead to inhomogeneous heating when the oven temperature is programmed to rise, which results in a retention time drift from time to time. It has also been observed that the maximum flow rate and concentration of a component occur in the center of a column (56) . The efficiency of large diameter columns can be improved by increasing the length of the column or increasing the percentage of the stationary liquid, or by operating at lower or isocratic temperature. However, accompanied by a considerable increase in elution time, peak broadening may occur for compounds with a high boiling point (bp) (57). Bayer et al. (58) described a theory to explain why column efficiency was lost with greater diameter. By investigating the reproducibility of column packing, they indicated that if the columns with 5 to 10 cm diameters were packed under a longer time with consistent rocking, they may as efficient as columns with 1 cm diameter. Reiser (59) suggested an idea through an experiment that internal radial finned columns provided higher efficiency and resolution than regular columns with the same diameter. On the other hand, Weinreich (57) proposed a column with a 3-in.-thick diameter that was heated inside instead of outside, which appropriately eliminated the serious temperature gradient caused by conventional columns. A method by using analytical columns in parallel with a pGC column may either save time or avoid a decrease in Essential oils of mosses of the genera Mnium, Plagiomnium, Homalia, Plagiothecium and Taxiphyllum efficiency (20) , but it might be difficult to control the components simultaneously eluting from each column. Currently, the novel preparative multidimensional gas chromatography ( prep-MDGC) combined with heart-cut device has demonstrated a more efficient separation, particularly for complex samples (5, 17, 22, (60) (61) (62) (63) , and a three-channel electronic pressure control module (EPC) has been used to provide sufficient pressure for the Deans switch (DS) to achieve a high separation resolution even when relatively large amounts of sample are injected (63) . pcGCs equipped with cutting and back-flushing devices described by Schomburg et al. (54, 64) have been used for discarding the non-volatile material and separating the selected part in high resolution, and the pGC system composed with a set of recirculated columns designed by Golay et al. (65) can be considered to be the foundations on which prep-MDGC is laid. In addition, the use of prep-MDGC equipped with different columns makes it possible to obtain the target compounds in complex matrices by different stationary phases (66) .
Splitter and detector
When the splitter is installed in the front of the column, split injection can be adopted. To ensure a certain volume of sample, splitless injection is commonly employed in pGC (32, 33, 61) . The splitter installed behind the column allows the simultaneous detection and collection of the effluent. For destructive detectors such as the most widely used flame ionization detector (FID), the splitter separates the gas flow and diverts a small part to the detector and the rest of the flow to the traps. Furthermore, because the splitter ratios may have great effects on the detection and collection of the effluent and on the total efficiency of the pGC system (4), the splitter ratios need to be investigated in some cases (67) . Roeraade and Enzell designed a pneumatically controlled splitter, which can achieve a split ratio between 0 and 100%, depending on two independently controlled regulating systems for instantaneous change (68) .
With the use of a thermal conductivity detector (TCD), a nondestructive detector, it is not necessary to set the splitter after the column. However, the sensitivity of the detection can be influenced by the response time of the TCD. Modell (69) invented a backed-bed TCD with a short response time, which is less influenced by the flow rate of the carrier gas than conventional detectors. Maroulis et al. (41) designed a conduit with copper jackets that was coupled to sources of thermal energy and joined within the TCD to prevent undesired condensation within the conduits.
In the last two decades, hyphenation of GC with mass spectrometry (MS) and NMR, which are efficient methods used for structural determination, has gained increasing interest. Although GC -MS has widely been used, the MS detector is rarely applied in pGC. Nevertheless, Mandalakis and Gustafsson (34) combined a pcGC system and accelerated MS (AMS) to measure the 14 C contents of polycyclic aromatic hydrocarbons (PAHs).
Carrier gas
The choice of carrier gas is important because it affects the separation efficiency in addition to the sizes and shapes of detector signals (70, 71) . The influence of carrier gas on the separation process has been discussed in detail by Verzele (72) . Although various carrier gases have been used in analytical GC (71), pGC only adopts the three most commonly used gases, including hydrogen, nitrogen and helium. Nitrogen is a more suitable carrier gas for pGC than hydrogen and helium, because of the high price of helium and the potential danger of hydrogen. In addition, the flow rate of carrier gas also affects the sensitivity of TCD (69) and the trapping efficiency (73) , and an overly high flow rate may flush away the liquid stationary phase (50, 51) .
Trap (fraction collector)
The collection of the fractions eluted from pGC is as important as the separating process (74) . The efficiency of a trap used to collect the target effluent may simply be expected to be as high as possible. However, affected by various factors, recovery values of the selected eluates may be low and fluctuating. Poor trapping efficiency is sometimes caused by the formation of aerosol (75) (76) (77) , especially for those components with poor volatility. It has been demonstrated that the recovery values were proportional to the volatility of target compounds, and the temperature of the collecting device also intensely affected the efficiency (73) . It is imperative that the temperature of the connecting channel between the collecting device and the GC system be maintained above the bp of the constituents to prevent undesired condensation (20) . Many conventional methods for the collection of samples from pGC are available, including thermal gradient traps (78) (79) (80) , electrostatic precipitation (81-83), Volman collector (84) with cartridge or aluminum rod heater and fritted filter traps (77) , which all provide efficient recovery values of aerosol forming compounds. Furthermore, the trapping method of effluent in a glass coil immersed in liquid nitrogen with a vacuum manifold device can also effectively avoid the aerosol formation and sample losses (85) . In addition, a trap using potassium bromide (KBr) powder as an inert support to adsorb the sample can simplify the following IR identification step (86) .
Actually, cold traps, on which many modified traps are based, are most frequently used in pGC (77, 87) . The temperatures for the cool traps are closely related to the bp of the target compounds. For compounds with high bp, room temperature circumstances can serve as adequate cooling conditions; for compounds with moderately low bp, solid CO 2 in a Dewar flask is preferred (88); for compounds with extremely low bp, liquid nitrogen should be employed (34, 89, 90) . A pear-shaped flask (91) or a trap consisting of a gas dispersion tube (bubbler) with a fritted cylinder (92) may improve the recovery to some degree. Furthermore, for collecting compounds with high molecular weight such as methyl esters of the polygenic acids and fatty acid methyl esters, which more easily lose collecting efficiency, a particular trap was established, consisting of a series of bottles fitted with sintered glass distributors and containing acetone connected in series with the outlet (93) . In addition, Roeraade and Enzell designed a six-port flow distributor made of platinum-iridium at the end of the column. The multi-channel distributor connected to the traps consisted of coiled glass capillary tubing, the inner walls of which were wetted with suitable solvent and cooled in liquid nitrogen; this ensured maximum trapping efficiency, even for very small amounts of material (68) . In recent years, some new styles of collectors have been introduced. Liu et al. designed an efficient trap that consists of an enrichment unit with a temperature controller, a second diaphragm pump (differing from that in the sampling system), a gas component collection tube and a cold well (94) . The inlet of the enrichment unit is connected to the outlet of the chromatographic detector via a valve. Hu et al. tried to make a preparative fraction collector with improved reliability and automation by using a microprocessor controller and a corrosion resistance magnetic valve (95) . Moreover, traps based on megabore capillary columns, named open tubular traps (OTTs), have also been used in pGC (96, 97) .
Currently, the commercially available fraction collector for GC (Gerstel PFC), equipped with six sample traps and one waste trap, collects individual fractions after GC separation. The PFC system is controlled by a microprocessor, which automates the collection process. Although the PFC has been used in several studies (23, 98, 99) , the technical limitation to only six collectable fractions using one PFC still hinders its applications. One study combined two PFCs via a special zero-dead volume effluent splitter, which enhanced the number from six to 12 collectable fractions within one GC running cycle (32) . This method provided the fractionation of nonylphenol isomers into 11 fractions containing 77 -552 mg of isomers collected after 600 single injections (Figure 2 ). This yield is sufficient to allow subsequent bio-testing in the E-screen assay. Therefore, a PFC system developed with more sample traps can effectively enhance its applications, especially for those samples with multiple components.
Applications of pGC
pGC is widely used in various fields, either to obtain an individual compound for structural identification or to produce a certain amount of pure compound for application in industrial large-scale preparation. In laboratories, pGC has been a practical tool to prepare small quantities of high purity materials.
Volatile components from natural essential oil Essential oils are some of the most valuable natural products with multiple pharmacological activities. pGC is frequently used to collect desired fractions of the effluent from many other naturally present matrix components, and has been regarded as an ideal approach to separate volatile components from natural materials. The applications of pGC for separating volatile components from natural essential oil are summarized in Table I .
The volatile compounds of essential oils from natural sources have primarily been extracted by hydro-distillation (100 -104), reflux heating with less polar organic reagent (104) or a wateralcohol system (105) . Because a moist sample can damage the column, it is better to remove the water that is infused during the extraction process, e.g., by drying over anhydrous sodium sulfate (106, 107) . On the other hand, the sample subjected to a GC system must first be thermally stable enough to avoid thermal degradation (20) , and of course, the sample should be vaporizable because the non-volatile compounds can pollute the GC system. Furthermore, the pGC system adopts larger diameter columns and larger loading sample size, which will undoubtedly result in a large decrease in the plate number and separation resolution. Thus, proper pretreatment of the sample is needed to produce the desired purity of products. The pGC preparation procedure can be simplified by combining with other techniques such as separation and removal of the unconcerned components by silica gel chromatography (8, 49) or collection of the striping components adsorbed by the silica medium (108, 109) , extraction of the target components by using a certain polar reagent or collection of the distilled product under a certain temperature range (110) . On the other hand, several non-volatile or semi-volatile compounds can contaminate the injection port and the column head if the crude oil is directly injected into GC system. Therefore, removing the non-volatile components by silica gel chromatography can extend the lifetime of the system (39) .
Low volatility compounds such as terpenes, sesquiterpenes and sesquiterpenoids, which are ubiquitous in essential oil, are usually isolated by pGC (39, 101, 102, 107, 111, 112 from the methanol extracts of Curcuma rhizome pretreated by silica gel chromatography ( Figure 3 ) (39) . The cis-and transasarone isomers (with yields of 178 and 82 mg, respectively, after 90 single injections of 5 mL) were separated by pGC from their mixture, which was fractionated from the essential oil of Acorus tatarinowii by silica gel chromatography ( Figure 4) 
Separation of isotopes, isomers and enantiomers
Dating back to the 1960s, pGC has intensively been used in academia to purify the compounds arising from chemical reactions for further structural elucidation (5, (115) (116) (117) . More importantly, pGC has successfully been applied for the separation of stereoisomer reaction products of synthesis or hydrolysis (43) (44) (45) (46) 118) , which represented great contributions to the research of mechanisms for chemical reactions. Furthermore, pGC also allowed the separation of diastereoisomers (119) and widespread isomers in natural essential oils (49, 120) . On the other hand, although cryogenic distillation has been known and used for the separation of the hydrogen isotopes tritium and deuterium, pGC is more suitable and particularly applicable for the isolation of hydrogen isotopes on a large scale (121, 122) . Furthermore, the pGC system at Joint European Torus (JET), which is a type of displacement chromatography that uses palladium (Pd) as working material because of its large isotope effects on hydrogen absorption and hydride formation (123) , can produce deuterium and tritium of high purity at low temperature with good production efficiency (124) . Various cyclodextrin-based stationary phases have been used in GC for approximately 20 years (125, 126) . Derivatived cyclodextrins (CDs) as chiral selectors can be used as reliable stationary phases for the pcGC separation of enantiomers of different structural characteristics (127) (128) (129) (130) ; this separation mechanism has been thoroughly illustrated (131) . Considering the large experimental effort needed for the optimization of those preparative-scale separations (126), Staerk et al. (132) developed a model of elution band profiles in the pGC separation of enantiomers based on the equilibrium-dispersive model of nonlinear GC, which may be used to speed the optimization process by computer modeling.
The applications of pGC for isotopes, isomers and enantiomers are summarized in Table II .
Miscellaneous
The separation of a few milligrams of pure substance from a mixture of biological origins is often important for the studies of steroids, alkaloids and many other compounds. A pGC method was developed for the separation of steroids and alkaloids at milligram-scale by using relatively thin-film column packing (133) . Furthermore, certain quantities of low concentration fatty acids have successfully been prepared by pGC (134) . The fractionation of high molecular weight triglycerides by GLC and thin-layer chromatography (TLC) on silica gel impregnated with silver nitrate has resulted in considerable progress and is widely used in the structural elucidation of natural fats and oils (135) (136) (137) (138) (139) . On the other hand, cannabidiol, tetrahydrocannabinol and cannabinol, which are three primary cannabinoids, have been isolated by pGC from the enriched extract of cannabis (104) . As a purification technique, pGC has been used for the purification of a styrene monomer from its commercial products (140) . In addition, it has been shown that wire mesh packing as carrier of the stationary phase is effective for separating the binary azeotrope of 1-propanol-water (15) . pGC was also used to purify metals as their volatile derivatives (141) and as a purification procedure in toxicology. It can obtain large enough amounts of toxic agents with sufficient purity from tissue for further identification (142) . Miscellaneous applications of pGC are summarized in Table III .
Conclusions
Although pGC has widely been used, it is still not comparable to pre-HPLC, which has constantly been used in the pharmaceutical industry for the isolation and purification of biological active substances. For pGC, several aspects should be intensively improved. First, the scaled-up pGC column requires large volumes of carrier gas to provide a certain pressure, and it is difficult to reutilize the mobile phase. Second, the sample must be fully vaporized onto the column to ensure radial distribution of the sample across the column. Third, because the target compounds are eluted in a very dilute form from the column, they must be extracted or condensed from the gas stream, which makes it difficult to achieve high efficiency. Finally, although a large GC column provides a high productivity, it is difficult to achieve the goal of automatic production control; the capillary column is unsuitable for industrial applications.
Nevertheless, pGC is successful in many rather special applications. For example, pcGC, combined with a computer-based structural generation tool used for mutagenicity prediction, has been applied within effect-directed analysis (EDA) to reduce sample complexity and to identify candidate mutagens in the samples (23) . Since Eglinton et al. (143) first reported the isolation of monomer compounds by pcGC and subsequent radiocarbon ( 14 C) isotope analysis by offline AMS, the combined use of these techniques has provided a powerful analytical tool to achieve CSRA (144) . Although the preparation process of CSRA can be accomplished by either HPLC or pcGC, the clear and highly resolved analytical separations of the capillary columns has made pcGC more attractive for natural abundance CSRAs (22) .
